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SUMMARY

An investigetion was made to determine the effect of single and mul-
tiple two-dimensional roughness elements on the temperature distribution,
the pressure distribution, and the heat transfer at Mach 3.1. A hollow
cylinder and a cone-cylinder model were used.

Abrupt perturbations in surface temperature occurred in the neighbor-
hood of the elements when the boundary layer was turbulent, but were
gbsent when it was laminaxr. The type of perturbation depended on the
element shape, forward-facing wedges giving the lowest temperatures imme-
diately behind the element and forward-facing steps the highest. Tor =
turbulent boundary layer the heat-transfer rate behind the wedge element
was less thean that cobtalned immediately shead of the element.

INTRODUCTTION

This report is an extension of the investigation of reference 1, in
which the equilibrium surface temperature of an insulated body having
laminagr, transitional, and turbulent flow was studied. The previous in-
vestigation considered the effects of single circular wire roughness ele-
ments on the surface temperature distribution on a hollow lnsulsted cyl-
inder having its axis alined with the airflow at Mach 3.1. Reference 1
found that the surface temperature distribution in the neighborhood of a
roughness element had certain characteristics which depended on whether
the boundary layer over the element wss laminar, transitional, or tur-
bulent. When the flow was laminar, no effect on the surface temperabure
near the element could be found; but, when the flow was turbulent, ebrupt
perturbations in the surface temperature were oObserved, the effect of
which extended apprecigble distances downstream of the elements.

After these observations were made it was natursl to speculate as to
the possibility of controlling the recovery temperature over extended
portions of the model when the flow was turbulent by properly shaping the
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roughness element or by using multiple elements. In addition, the heat
transferred to the body could perhaps be reduced by the use of such rough-
ness elements.

The present investigation was undertaken to give preliminary answers

to these questions. The hollow-cylinder model could not be used to obtain
heat-transfer data; therefore, for this phase of the test program a smeller-
diameter cone-cylinder model was used. All tests were conducted in the
Lewls 1- by 1l-foot variable Reynolds number wind tunnel at Mach 3.1,
which is the same test facility used in reference 1.

SYMBOLS
C pressure coefficient, (p - Ep)/qw

Cp,a specific heat at constant pressure for sir

specific heat at constant pressure for monel model

p,b

h heat-transfer coefficient (dimensional)

ke, thermal conductivity of monel model

D statlc pressure

P, static pressure of free stream

qa hest-transfer rate

a_ free-stream dynemic pressure

St Stanton number, dimensionless heab-transfer
coefficient = h = 2 .

PaCp, & (pucp)a)m

Taw sdiabatic wall temperature

Tt stagnation tempersture

Tw wall surface temperature

T, free-gtream temperature S

t time, sec

u free-stream velocity ahead of model

w!
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x distance from tip

1 temperature-recovery factor, (Ty - T.)/(Ty - T)
Ve free-stream kinematic viscosity

pb density of monel model

p free-gtream air density ahead of model

T thickness of model skin

APPARATUS AND PROCEDURE
Models and Roughness Elements

The hollow-cylinder model used in the present investigation (fig.
1(a)) had s 5.31l-inch outside diameter and was 27.4 inches long. The
thickness of the leading edge was about 0.001 inch, which is sufficlently
sharp to have negligible bluntness effects on the location of transition
and on the boundary-layer development. The outer skin was of 0.032-inch
gbainless steel and was thermally insulasted from the flow through the
interior of the cylinder. The game model was used in the tests reported
in reference 1.

o
The 9% -included-angle cone-cylinder model of 1.75-inch outside

diameter and 18-inch length that was used for the heat-tresnsfer measure-
ments is shown in figure 1(b). The wall of the cone-cylinder model was
constructed of "K" monel of 0.062-inch nominal thickness. Heat transfer
between the model end the stream was obtained by first enclosing the model
within shoes into whick liquid nitrogen was pumped. After the model was
cooled by the liquid nitrogen to a temperature of -343° F, the shoes were
sprung apart and retracted, exposing the model to the relatively warm

(Tt = 80° F) tunnel airstream. The construction of the cone-cylinder
model and the precooling apparatus are described in detail in reference
2. Both models were tested in a stream havi & Mach number of 3.1 and
a unit Reynolds number range of 1x10° to 7x10 per inch.

For the present tests, wire elements 0.080 inch high having circuler,
wedge, and diamond cross sections, and one 0.160-inch-high wedge were
used. These elements, shown in figure 2, include those for both the
hollow-cylinder and the cone-cylinder models. Most of these elements
were made of carbon steel. Surface finishes on the elements as well as
on the models were approximately of 8-microinch (average) irregularity.
The 0.080-inch elements correspond to the largest roughness elements
tested in reference 1.
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Reduction of Dsts

Equilibrium surface temperatures on the hollow cylinder were obtainec
from The electrical output of the stasinless-steel - constentan thermo-
couples in the model surface. Outputs were measured on a self-balancing
recording potentiometer, which gave sccuracies of +0.5° F. Recovery
factors on the hollow cylinder were computed from the following equation:

n = TS[ - T (l)

T, - T,

where T, T , and T, are the surface, free-stream, and total tempera-

tures, respectively. Errors in recovery factor were less than 0.002. A
free-stream Mach number of 3.1 was used in the calculations.

Heat-transfer measurements in the vicinity of the single wedge ele-
ment were made from tempersture-time records obtained from a multichannel
recording oscillogrsph. The surface temperatures computed from these
records were accurate to +3° F gt the low temperatures and +1° F near
equilibrium. The equation governing the heat balance at any point on the
cylindrical part of the model is given by

ce
Lotal = %p, ™" ST

= q g

convected + conducted

2

d
= h(Tg, - T,) + kT aszi (2)

Measured values of the adldbatic wall temperature Taw were used when
the flow was turbulent, theoreticsl values when the flow was laminar.

The heat-transfer results presented herein are in terms of the
Stanton number, which is defined by the equation

ot = h - Yote1l ~ conducted (3)
pmqwcp,a Qmumcp,a Taw - I
The error in the Stanton number calculation is analyzed in reference 3;
this analysils is velid for the present instance except for the effect of
conduction. Reference 3 states that the maximum possible error in Stanton
number 1s 416 percent when longitudinel conduction is negligible. In the
present Investigation large gradlents in surface temperature are present

961¥
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that cause a considergble quantity of heat to be conducted in the model
skin and hence make 1t necessary to include an estimate of the conducted
heat in equation (3). Since a calculation of the conducted hest involves
evaluation of the second derivative of the temperature dlstribution, it

is difficult to obtaln an asccurabe estimate. The error in conducted heat,
based on various possible falrings of the temperature distribution, can
be as high as 100 percent. In the worst case (when the flow is laminar
ghead of the qlement) the conducted heat can be as much as one-third of
the net heat flow. When the flow is turbulent shead of the element,
however, the heat flow by conduction in the skin is & much smaller part
of the net heat flow, and a much smeller error in the Stanton nunmber
should result. Since the flow downstream of the element is always tur-
bulent, errors in corducted heat transfer there should generally be small.

RESULTS AND DISCUSSION
Recovery Temperstures

Recovery-temperature distribution for smooth model. - Distributions
of temperature recovery factor are presented in figure 3 for the smooth
hollow-cylinder model at four values of unlt Reynolds number. Pesk tenm-
pergtures et x = 3.7, 5.4, 7.4, and 12 inches indicete points of tramsi-
tion from laminar to turbulent flow as defined in reference 1. These
recovery-factor distributions are to be used as references with which the
distributions obtained with various elements can be compared. Polnts to
the left of the temperature pesks are in s predominantly laminar regiom,
whereas those to the right are in turbulent flow. The region in the
vicinity of the peaks 1s considered transitional.

Effect of element shape. - Recovery-factor distributions obtained
with the seversl basic element shapes shown in flgure 2 are plotted in
figure 4 at unit Reynolds numbers of 6.8, 3.5, 1.9, and 1.0x10° per inch.
These unit Reynolds numbers correspond closely to the test conditions
used in obtaining the results shown in figure 3. Parts of the recovery-
factor distributions of figure 3 are indicated for reference purposes by
a heavy solid line. Elements were located at or near x = 12 inches, the
exact position being indicated in the key of figure 4.

A study of figures 4(a) to (c), in which the element was placed in
a turbulent boundary layer, shows that the temperature rise ahead of and
over the element can be increased by use of a forward-facing step and can
be kept near the normal turbulent level by use of a forward-facing wedge.
The cylindrical wire element usually has an intermediate effect between
these two extremes.

The tempersture variations downstream of the element cen be divided
into two regions. The first occurred immedistely downstream of the
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element, where the largest temperature reduction (lowest recovery factor)
was reached with a forward-facing wedge and the least with a forward-
facing step. The second reglon occurred downstream of x = 15 inches,
where the over-all temperature level was depressed below the undisturbed
(no element) turbulent value regardless of element shape. The length of
this second region cannot be sscertalined from the results shown in figure
4. As shown in figures 3(a) and (d) of reference 1, this region extends
to gbout 12 inches downstream of the cylindrical elements. Another feature
of figures 4(a) to (c) 1s that the largest recovery temperature reductions
were reached at the highest unit Reynolds number and with the largest
forward-fecing wedge. This fact seems to indicsate that the ratlio of ele-
ment height to boundery-lsyer thickness 1ls significant, as was also demon-
strated with cylindrical wire elements in reference 1.

The recovery factors shown in figure 4(d) were obtained when the
element was placed st the natural transition point, x = 12 inches. At
this position the presence of the element did not affect the location of
transition but increased the pesk recovery factor. All element shapes
increased the surface tempersture lmmediately ahead of the element, and
at a sufficient distance downstream reduced it below the smooth surface
temperature level. Although it is not apparent from the figures, it should
be recelled from reference 1 that when laminar flow exlsted over the ele-
nent no perturbation in surface temperature in the neighborhood of the
element occurred. (In this case the primary effect was the reduction of
transition distance.)

The recovery-factor distribution in the neighborhood of the elements
mey be thought to have a doubtful significance because of the large tem-
perature gradients and presumably large attendsnt heat-transfer rates.
However, this does not present any serious problems, as shown by unpub-
lished tests run on low-conductivity Fiberglas cylinder shells. TFor
equlvalent element sizes and shapes the recovery factors measured on the
low-conductivity model differed only slightly from those reported herein.

Simultaneous pressure and temperature measurements in the neighbor-
hood of an element. - Wlth respect to surface temperature reduction the
forward-facing wedge was the most effective of the various shapes tested.
The static-pressure distributions near the element were also measured for
this element. These results are presented in filgure 5 for four values of
the unit Reynolds number with the 0.08-inch-high wedge element 12 inches
from the leading edge.

When the flow was turbulent (figs. 5(a) to (c)) there was an sbrupt
pressure rise at the forward edge of the element, in contrast to the
transitional case (fig. 5(d)) where there was an effect of pressure feed-
back to & distance of 1/2 inch ahead of the element. This feedback is
caused by separation ghead of the wedge. Also, the pressures returned to
pormal more quickly when the flow was turbulent than when it was transi-
tional. The lowest pressure coefficient was reached for the largest unit

YLD o
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Reynolds nunber when the rgtioc of boundary-layer thickness to element
height was small. These pressure trends with Reynolds number have also
been observed in a base-pressure investigation (ref 4).

One of the most outstanding cheracteristics indicated by figure 5 is
the rgpidity with which the pressure perturbation becomes smooth compared
with the temperature perturbation. A possible cause for the more extended
temperature perturbation would sppear to be conduction in the model skin,
as suggested in reference 1. This suggestion is contradicted by the more
recent temperature messurements made on a low-conductivity Fiberglas model
(discussed earlier), which showed that thke skin conductivity had a small
effect on the temperature distribution. The long distances downstream of
the element for which depressed temperstures exist are probebly caused by
a distortion of the turbulent-bourndary-layer profile in passing over the
element.

Effect of element spacing. - The effect of spacing two 0.080-inch
wedge elements in tandem with the purpose of extending the surface tem-
perature reduction over a greater length is shown in figure 6. For this
particular test a large temperature drop behind each element was realized
if the spacing from one element to the next was at least 2 inches. A%
spacings greater than 2 inches the elements tended to act independently.
For smaller element spacings the flow over the elements tended to bridge
the gap between them, resulting in a smaller temperature drop after the
first element. Although these characteristics are quoted for tests con-
ducted at a unit Reynolds number of about 6. 5x10° per inch, substantially
the same trends were observed at lower unit Reynolds numbers when the
flow was turbulent, which indicates that the effect of element spacing
is almost independent of boundary-layer thickness for the range of condi-
tions investigated.

Figure 7 shows the effect of a series of 0.160-inch-high elements
spaced 2 inches apart, all in the turbulent-boundary-layer region. For
this case the recovery temperature was depressed to an aversge value very
near the laminar value over the reglon where the elements were placed.

It thus appears that the temperature reduction can be repeated a great
pumber of times without reducing the effectiveness of the elements in
depressing the temperature level. It should be mentioned that the data
points appearing directly gbove the elements in figure 7 were obtained
by thermocouples on the walls rather than on the elements. An important
question that remains to be answered is whether the heat transfer as well
as the surface temperature 1s reduced.

Heat Transfer

Best-transfer measurements were made in the vicinity of a single
0.080-inch-high wedge element located on the cone-cylinder model as shown
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in figure 1(b). Convective heat-transfer rates were computed by correct-
ing the total heat flow for conduction from equation (2) and the tempera-
ture dilstributions shown in figure 8. The convective heat transfers were
converted to Stanton numbers by use of equation (3) and are presented in
figure 9.

Figure 9(a) presents the Stanton number as a function of the Reynolds
number uwx/gw vhen the flow shead of the element was laminar, and fig-
ure 9(b) when the flow shead of the element was turbulent. Laminar flows
existed when the surface temperature on the cone cylinder was low enough
to stabillize the boundary leyer and preserve laminar flows up to the ele-
ment. Such was the case for glmost the first 30 seconds of the test.
Thereafter, as shown by figure 9(b), the flow shead of the element was
turbulent. Downstream of the element the flow was always turbulent.

Pigure 9(a) shows that during the first 25 seconds the experimental
Stanton numbers were gbout midway between the theoretical laminar cone
and cylinder values shead of the element. Behind the element the heat
transfer increased to the theoretical turbulent flat-plate value. The
turbulent theoreticsl value shown is for a wall to stream temperature
ratio of 1.6, which is an average value for the time interval of 30 sec-
onds considered in figure 9(a).

Figure 9(b) shows the Stanton number when the flow shead of the ele-
ment was turbulent. The heat transfer in this case was about 15 percent
lower behind the element than it was ahead of the element. Theoretical
turbulent Stanton numbers for an average wall to free-stream tempersasture
ratio of 2.6 are also indlcated. The results of figure 9 therefore show
that, early Iin time when the flow shead of the element 1ls laminar, the
element promotes turbulent flow with attendant high convective hegt-

trensfer rates. When the flow is turbulent shead of the element, however,'

the heat transfer behind the element ls reduced slightly below the tur-
bulent value.

In the preceding calculations the presence of the solid wedge element
was not considered, either in the calculastion of the total heat transfer
or the conducted heat transfer. It would be expected that the presence
of the element might tend to reduce the heat transfer behind the element.
The magnitude of this heat-trensfer reduction would be difficult to com-
pute in view of the uncertain thermsl connection between the element and
the model skin. In all likellhood the reduction would be small, partic-
ularly at the most downstream station, since the element mass 1is rela-
tively small compared with that of the model wall. C

SUMMARY OF RESULTS

The followlng results were obtained from a wind-tunnel study of the
effect of roughness elements on recovery temperatures and heat transfer
on & hollow cylinder and & cone-cylinder:

o
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1. Abrupt perturbations in surface temperature occurred in the neigh-
borhood of the elements when the boundary layer was turbulent but were
ebsent when the boundary layer was laminer. The type of perbturbation
depended on the element shape; forward-facing wedges gave the lowest tem-
perature immediately behind the element, and forward-facing steps the
highest.

2. The presence of a single element caused a very sbrupt perturbation
in pressure that was completely smoothed out within 5 or 10 element heights
when the boundary layer was turbulent.

3. Multiple wedge elements retained their full effectiveness in re-
ducing the temperature at wedge spacings greater than 2 inches. No limi-
tation was found to the number of wedges that could be placed in tandem
and yet retain effectiveness in depressing the surface temperature. The
maximum number of wedges tested in tandem wag five.

4. When the flow at the wedge was turbulent, the hesgt-transfer rate
behind the wedge was diminished compared with that just upstream.

Iewis Flight Propulsion Leboratory
Nationsl Advisory Committee for Aeronautics
Cleveland, Ohio, November 19, 1957
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